INTRODUCTION {#SEC1}
============

Human telomerase is a ribonucleoprotein enzyme complex that is minimally composed of an RNA template (*hTR* or *hTERC*) and the telomerase reverse transcriptase (hTERT) for telomeric DNA synthesis ([@B1]). Most human somatic cells have undetectable telomerase activity due to transcriptional repression or alterations in hTERT splicing during fetal development, but telomerase is either up-regulated or reactivated during tumorigenesis in over 90% of human primary tumors ([@B2]--[@B4]), as well in as murine tumors, even though mouse telomeres are significantly longer compared to humans ([@B5],[@B6]). Thus, it remains unclear why telomerase would be up-regulated in mouse tumors if telomeres are not rate limiting. Telomerase plays a pivotal role in the pathology of cancer by maintaining the ends of chromosomes and providing for the unlimited cell proliferation potential required of almost all advanced cancers ([@B7]--[@B10]). However, emerging evidence indicates that the telomerase reverse transcriptase protein may have non-telomeric functions in tumor devolvement, although the underlying mechanisms remain elusive ([@B10]--[@B13]). Many published studies can be interpreted differently. For example, telomerase may exert telomere-independent functions in a number of fundamental cellular processes that promote tumorigenesis, such as the regulation of cell growth and proliferation ([@B14],[@B15]), EMT ([@B16]), stem cells ([@B17],[@B18]) and oncogenesis ([@B19]--[@B21]). However, the direct connection and the underlying mechanism(s) involved in the telomere-independent functions of telomerase in cancer progression are not clear at present. The inhibition of telomerase in vascular endothelial cells has been reported to disrupt tumor angiogenesis in glioblastoma xenografts ([@B22]). In addition, suppression of hTERT correlates with decreases in angiogenesis and tumor growth ([@B23]). These observations suggest that telomerase may be involved in angiogenesis in brain gliomas, but again, the mechanisms involved are unknown.

Vascular endothelial growth factor (VEGF) is the most potent endothelial mitogen and a critical component of tumor growth, angiogenesis and metastasis ([@B24]--[@B28]). Previously, we found that hTERT induces the expression of VEGF ([@B29]). However, the underlying regulatory mechanism and the biological significance of VEGF up-regulation are not known. In the present study, we demonstrate that hTERT plays a telomere-independent role in angiogenesis by up-regulating VEGF expression through its interaction with the transcription factor Sp1. Our results provide new possibilities for cancer therapeutic strategies targeted to both telomerase and VEGF, which would be effective against both neoplastic cell proliferation through telomere attrition and tumor angiogenesis by inhibiting VEGF.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture, transfection and antibodies {#SEC2-1}
-----------------------------------------

HeLa and 293T cell lines were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO~2~. Human umbilical vein endothelial cells (HUVECs) were cultured in endothelial cell medium (Invitrogen, Carlsbad, CA, USA) with 5% FBS at 37°C and 5% CO~2~. Transfections were performed with Lipofectamine 2000. β-actin antibody was purchased from Cell Signaling (Beverly, MA, USA); hTERT, VEGF, CD31, Ki67 and Sp1 antibodies were purchased from Abcam (Cambridge, UK); IgG antibody and protein A/G beads were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA); and His and Flag antibodies and anti-Flag resin were purchased from Sigma (St. Louis, MO, USA).

Plasmid constructs and siRNAs {#SEC2-2}
-----------------------------

Flag-tagged hTERT, Flag-tagged Sp1 expression plasmids and the Flag-tagged deletion mutants were obtained by polymerase chain reaction (PCR) amplification and were subsequently cloned into the p3xFlag-CMV 10 vector. The GST-Sp1 expression plasmid was constructed by cloning the full-length Sp1 cDNA into the pGEX-6p-1 vector. The luciferase reporter pSp1-luc was constructed by cloning the sequence 5′-ATTCGATCGGGGCGGGGCGAGATTAGATTCGATCGGGGCGGGGCGAG-3′ into the pGL6-TA vector. pVEGF1-5 was constructed by cloning the different sequences of the human *VEGF* promoter into the pGL2-Basic vector ([@B29]). pVEGF4-Sp1 mut was constructed by cloning the *VEGF* promoter containing three mutant Sp1 binding sites into the pGL2-Basic vector. hTERT siRNA was purchased from Thermo Scientific (L-003547-00-0020, ON-TARGET plus SMART pool, Human TERT; Waltham, MA, USA). Control siRNA (siNC) and Sp1 siRNAs were purchased from GenePharma (Shanghai, China). The sequences of the three Sp1 siRNA (mix) are as follows: 5′-CCAGCAACAUGGGAAUUAUTT-3′, 5′-GUGCAAACCAACAGAUUAUTT-3′ and 5′-CCUGGAGUGAUGCCUAAUATT-3′.

Quantitative real-time PCR (qRT-PCR) {#SEC2-3}
------------------------------------

Trizol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA, followed by cDNA preparation with M-MLV reverse transcriptase (Promega, Madison, WI, USA) according to the manufacturer\'s protocol. Real-time PCR (RT-PCR) reactions were performed in triplicate with SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). *GAPDH* was measured as an internal control. Three independent experiments were performed. The sequences of the primers used for RT-PCR are described in the Supplementary Information, Table S1.

Chromatin immunoprecipitation (ChIP) {#SEC2-4}
------------------------------------

Chromatin immunoprecipitation (ChIP) assays were performed with a Chromatin Immunoprecipitation Kit (Millipore, Billerica, MA, USA). The Flag antibody and Sp1 antibody were used to precipitate DNA fragments. IgG was used as the negative control. The protein--DNA complexes were collected with protein G. The primers used to amplify the *VEGF* promoter were 5′-GAGCTTCCCCTTCATTGCGG-3′ and 5′-CGGCTGCCCCAAGCCTC-3′, and the primers for the *GAPDH* promoter were 5′-TACTAGCGGTTTTACGGGCG-3′ and 5′-TCGAACAGGAGGAGCAGAGAGCGA-3′. The enrichment of the *VEGF* promoter was determined by PCR. The *GAPDH* promoter was used as the negative control.

Immunoprecipitation (IP) and Western blotting {#SEC2-5}
---------------------------------------------

Transfected cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1% NP-40 and a cocktail of proteinase inhibitors). For immunoprecipitation (IP), the cell lysates were cleared using centrifugation and incubated with proteinA/G beads (Santa Cruz, CA, USA) or M2 anti-Flag resin (Sigma, St. Louis, MO, USA) for 2--3 h. The beads were boiled after extensive washing, the proteins were resolved using SDS-PAGE gel electrophoreses and the proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA) followed by Western blotting. The proteins were detected using the VersaDoc Imaging System (Bio-Rad), and quantification was performed using Quantity One 1-D Analysis Software.

*In vitro* pull-down assay {#SEC2-6}
--------------------------

GST-Sp1 fusion proteins were expressed in *Escherichia coli* BL21 and were purified with glutathione--Sepharose. His-hTERT fusion proteins were expressed in 293T cells and were purified with Ni-NTA agarose. *In vitro* pull-down assays were performed by incubating equal amounts of GST or GST-Sp1 fusion proteins immobilized onto glutathione--Sepharose beads with His-hTERT. The mixture was placed on a rocking platform for 2 h in binding buffer (20 mM Tris-HCl, pH 7.5, 1.5 mM MgCl~2~, 100 mM NaCl, 0.05% NP-40) and then washed three times. Bound proteins were detected by immunoblotting with anti-His antibodies.

Electrophoretic mobility shift assay (EMSA) {#SEC2-7}
-------------------------------------------

Nuclear extracts from HeLa cells were prepared with a Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA) as previously described ([@B30]). The sequences of double-stranded oligonucleotides used as probes labeled with biotin in the electrophoretic mobility shift assay (EMSA) were as follows: synthetic consensus *Sp1* probe, 5′-ATTCGATCGGGGCGGGGCGAGC-3′ and *VEGF* probe (--89 to --50 bp of the human *VEGF* promoter), 5′-CCCGGGGCGGGCCGGGGGCGGGGTCCCGGCGGGGCGGAG-3′. The sequence of cold unlabeled double-stranded DNA used as a competitor was 5′-ATTCGATCGGGGCGGGGCGAGC-3′. For competition experiments, the nuclear extract was incubated with a 100 times higher concentration of unlabeled DNA probe compared with biotin-labeled DNA probe in binding buffer for 15 min and was then incubated with the biotin-labeled DNA probe for 20 min at room temperature. For supershift experiments, the nuclear extract was incubated with 1 μg of antibody against Sp1 or hTERT in binding buffer for 15 min and then incubated with the biotin-labeled DNA probe for 20 min at room temperature. Samples were subjected to native 4% polyacrylamide gel electrophoresis (PAGE) and then transferred to nylon membranes. The membranes were incubated with HRP-streptavidin and then visualized with a VersaDoc Imaging System (Bio-Rad).

Endothelial cell capillary-like tube formation assay {#SEC2-8}
----------------------------------------------------

The endothelial cell capillary-like tube formation assay was performed as previously described ([@B31]). Briefly, matrigel (BD Biosciences, Franklin Lakes, NJ, USA) was pipetted into pre-chilled 96-well plates and polymerized at 37°C. The HUVECs were collected and placed onto the Matrigel layer. After 6--8 h, the endothelial cells were photographed using an inverted microscope. The tube network was quantified using ImageJ software.

Lewis lung carcinoma tumor formation {#SEC2-9}
------------------------------------

Eight-week-old wild-type and *Tert* knockout mice (C57BL/6) received subcutaneous implantations of 1 × 10^6^ Lewis lung carcinoma cells in the flank as described ([@B32]). Twenty one days after inoculation, all mice were euthanized. Eight wild-type and eight *Tert* KO mice were examined. The tumor masses were excised, weighed, photographed and subjected to immunohistochemistry using VEGF, CD31 and Ki67 antibodies (Abcam, USA).

Immunohistochemistry {#SEC2-10}
--------------------

Immunohistochemical staining was performed by Core Facilities, Zhejiang University School of Medicine. Tumor sections were immunostained with specific anti-VEGF, anti-Ki67 and anti-CD31 antibodies. The images were captured using a Pannoramic MIDI scanner.

Quantification of microvessel density {#SEC2-11}
-------------------------------------

Tumor sections were immunostained with a specific anti-CD31 antibody for blood vessels. Tumor microvessel density (MVD) was determined using Pannoramic Viewer software as described ([@B33]). Briefly, the area of most intense neovascularization was selected by Pannoramic Viewer software at low magnification (10--100x). Individual microvessels were counted at 200x magnification (0.152 mm^2^/field). For each section, five areas were selected from the vascularity of tumor areas. Any brown-stained, nucleus-containing endothelial cell that was clearly separated from adjacent larger vessels, tumor cells and other connective tissue elements was considered a single CD31-positive tumor-associated microvessel. Sixteen micrographs were obtained from multiple tumor sections. Each dot represents the average of several vessels found in a micrograph. Eight wild-type and eight *Tert* KO mice were examined.

Animal studies {#SEC2-12}
--------------

*Tert*^+/−^ mice on the C57BL/6/129/SvJ genetic background were kindly provided by Dr Yie Liu (NIA, Baltimore, MD, USA). Heterozygous (*Tert*^+/−^) pairs were intercrossed to generate first-generation *Tert*^+/+^ (WT) and *Tert*^−/−^ (KO) strains. The Animal Care and Ethics Committee at Hangzhou Normal University approved all animal experiments in our study. All mice were maintained in a pathogen-free environment and fed a standard diet.

Primary tissue samples {#SEC2-13}
----------------------

Primary gastric tumor tissues were obtained from Sir Run Run Shaw Hospital after patients signed informed consent forms, and the studies were approved by the Medical Ethics Committee of the Medical School, Zhejiang University, China.

Statistical analysis {#SEC2-14}
--------------------

All data for statistical analysis are presented as the mean ± S.D. Student\'s *t-*test was used to determine statistical significance. Correlation analyses between *VEGF, CD31* and *hTERT* expression in gastric cancer samples were performed using linear regression. Statistical analyses were performed with Prism 5.0 software.

RESULTS {#SEC3}
=======

hTERT increases the expression of VEGF in HeLa cells via Sp1 activity {#SEC3-1}
---------------------------------------------------------------------

We previously reported that hTERT induces VEGF expression in human fibroblasts, WI-38 cells and HeLa cells ([@B29]). Specifically, we showed that both transient transfection of an hTERT expression construct or retroviral transduction of hTERT results in the up-regulation of VEGF expression independent of hTERT telomerase activity and that knocking down hTERT, but not *hTR*, reduces VEGF expression ([@B29]). To further explore the regulation of VEGF expression by hTERT, we manipulated the expression of hTERT in HeLa cells. Consistent with our previous observations, ectopically expressed hTERT and a catalytically inactive hTERT K626A mutant ([@B30]) deficient in telomerase activity induced the up-regulation of *VEGF* mRNA (Figure [1A](#F1){ref-type="fig"}) and VEGF protein expression (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}) independent of telomerase activity. To investigate whether hTERT regulates VEGF expression at the transcriptional level, a set of *VEGF* promoter luciferase constructs was co-transfected into HeLa cells with an hTERT expression vector (pcDNA-hTERT) or control vector (pcDNA3). Promoter luciferase assays showed that hTERT increased *VEGF* promoter activity (Figure [1D](#F1){ref-type="fig"}), suggesting that hTERT transcriptionally up-regulated *VEGF* expression. Interestingly, reporter luciferase assays showed that the sequences responding to hTERT-induced promoter activity are within −89 to −54 nt of the *VEGF* promoter. This suggested, but did not prove, that the sequences from −89 to −54 nt in the *VEGF* promoter may be responsible for hTERT-induced *VEGF* promoter activity (Figure [1D](#F1){ref-type="fig"}). Sequence analysis revealed three Sp1 transcription factor-binding sites in this region (Figure [1E](#F1){ref-type="fig"}). Mutations in either two or all three of the Sp1 binding sites deprived hTERT-induced *VEGF* promoter activity, due to loss of the basal activity of the *VEGF* promoter (Figure [1E](#F1){ref-type="fig"}). This indicates that the Sp1 is essential for the *VEGF* promoter activity. Furthermore, in HeLa cells that stably expressed either GFP (HeLa-GFP) or hTERT (HeLa-hTERT), depletion of Sp1 by a mix of three Sp1 siRNAs (siSp1), but not control siRNA (siNC), abrogated the hTERT-induced *VEGF* mRNA expression (Figure [1F](#F1){ref-type="fig"} and [G](#F1){ref-type="fig"}). In addition, Mithramycin A (MTA), a chemical that binds GC-rich promoters and has shown some specificity for Sp1 binding sites, blocked hTERT-induced *VEGF* mRNA expression. But no such inhibition was observed with an NF-κB inhibitor Pyrrolidine dithiocarbamate (PDTC) (Figure [1H](#F1){ref-type="fig"}). Together, these results can be interpreted to suggest that hTERT increases the expression of VEGF through Sp1 activity.

![hTERT up-regulates VEGF expression in HeLa cells through Sp1 activity. (**A**) HeLa cells were transduced with lentiviruses expressing hTERT, K626A and GFP as a control. At 48 h after infection, *VEGF* mRNA levels were quantified by qPCR. (**B**) The protein levels of VEGF, hTERT and Actin were determined by immunoblotting. (**C**) Quantitative expression of VEGF from three independent experiments was analyzed using Quantity One 1-D Analysis Software and normalized to Actin levels. (**D** and **E**) HeLa cells were transiently transfected with pcDNA3-hTERT (hTERT) and pcDNA3 as a control, along with luciferase reporter plasmids containing different regions of the *VEGF* promoter or mutations in two or all three Sp1 binding sites. Luciferase activity was determined at 48 h after transfection. (**F** and **G**) Knockdown of Sp1 decreased the endogenous levels of *VEGF* mRNA. HeLa-GFP and HeLa-hTERT stable cells were transfected with control siRNA (siNC) or siRNA (mix) against Sp1. The mRNA levels of *VEGF* were analyzed by qPCR, and the levels of hTERT and Sp1 protein expression were determined by Western blot analysis using hTERT and Sp1 antibodies. (**H**) HeLa-GFP and HeLa-hTERT stable cells were treated with MTA (100 nM), PDTC (100 μM) or DMSO for an additional 24 h. *VEGF* mRNA levels were quantified by qPCR. The data are presented as the mean ± S.D. (Student\'s *t*-test). \**P* \< 0.05; \*\**P* \< 0.01 (n = 3); n.s., no significance.](gkw549fig1){#F1}

hTERT binds to the *VEGF* promoter and activates Sp1-mediated transcription of the *VEGF* gene {#SEC3-2}
----------------------------------------------------------------------------------------------

To understand whether hTERT is directly involved in *VEGF* transcriptional regulation, we preformed EMSA and supershift assays with HeLa nuclear extracts using synthetic consensus *Sp1* or the *VEGF* probe containing three *Sp1* binding sites (−89 to −50 nt of the human *VEGF* promoter). As shown in Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, the Sp1 binding shift was readily detectable after incubation of the biotin-labeled synthetic consensus *Sp1* or the *VEGF* probe with the HeLa nuclear extracts (Figure [2A](#F2){ref-type="fig"}, line 2; Figure [2B](#F2){ref-type="fig"}, line 2); the addition of excess unlabeled probe resulted in the ablation of this binding (Figure [2A](#F2){ref-type="fig"}, line 3; Figure [2B](#F2){ref-type="fig"}, line 3). In addition, incubation with the Sp1 antibody resulted in a supershift of the Sp1 binding, whereas incubation with the hTERT antibody resulted in decreased Sp1 binding. This EMSA profile was very similar to those observed in studies investigating the interaction between hTERT and the NF-κB p65 transcription factor on the *IL-6* promoter, for which the addition of hTERT antibodies significantly disrupted the NF-κB complexes ([@B34]). In addition, ChIP analysis further confirmed that hTERT can be recruited to the *VEGF* promoter (Figure [2C](#F2){ref-type="fig"}). Consistently, we showed that transient transfection with hTERT or mutant hTERT K626A expression constructs activated the *Sp1* luciferase reporter (Figure [2D](#F2){ref-type="fig"}), whereas hTERT knockdown with siRNAs resulted in a reduction in *Sp1* luciferase reporter activity (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}). Taken together, these results support the interpretation that hTERT may interact with Sp1 to enhance *Sp1* transcriptional activity and thereby activate *VEGF* transcription independent of TERT enzymatic and telomere-based activity.

![hTERT binds to the *VEGF* promoter. (**A** and **B**) HeLa cell nuclear extracts were prepared 48 h after cells were transfected with hTERT expression vectors. EMSA supershift analyses using the (A) synthetic consensus *Sp1* probe or the *VEGF* probe containing (**B**) three Sp1 binding sites were performed via the addition of specific hTERT or Sp1 antibodies. (**C**) HeLa cells were transfected with vectors expressing Flag-hTERT, and ChIP assays were performed using the Flag antibody and Sp1 antibody. IgG was used as the negative control. The signal enrichment with each antibody was measured by PCR using primers specific for VEGF or GAPDH as the negative control. The data shown are representative of two independent experiments. (**D**) HeLa cells were transiently transfected with the indicated vectors, along with the luciferase reporter pSp1-luc or pLG6-TA as a control. (**E**) siTERT or control siRNA was transfected into HeLa cells, along with pSp1-luc. Luciferase activity was determined 48 h after transfection. (**F**) The knockdown efficiency of hTERT expression by hTERT siRNAs was evaluated by qPCR analysis.](gkw549fig2){#F2}

hTERT interacts with Sp1 both *in vitro* and *in vivo* {#SEC3-3}
------------------------------------------------------

To test whether hTERT can interact with Sp1 using IP, we co-transfected the Flag-tagged hTERT or Flag-tagged hTERT K626A expression construct with the untagged Sp1 construct (pcDNA-Sp1), or co-transfected the Flag-tagged Sp1 expression construct with the untagged hTERT construct (pcDNA-hTERT), respectively. IP experiments were performed using the Flag antibody, and IgG as control. The cell lysates and immunoprecipitates were then analyzed with antibodies against hTERT or Sp1. This reciprocal IP showed an interaction of hTERT with Sp1 (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Furthermore, we have performed IP experiments with Anti-Flag M2 affinity gel. 293T cells were transiently transfected with plasmids expressing Flag-hTERT or Flag-K626A. The presence of endogenous Sp1 in immunoprecipitates with M2 anti-Flag resin was analyzed by immunoblotting using the Sp1 antibody. Both hTERT and hTERT K626A were found to co-immunoprecipitate with endogenous Sp1 (Supplementary Data S1A). In addition, Flag-tagged Sp1 was found to co-immunoprecipitate with endogenous hTERT in 293T cells (Supplemental Data S1B). This reciprocal IP indicates a physical interaction between hTERT and Sp1.

![hTERT interacts with Sp1. (**A**) 293T cells were co-transfected with the Flag-tagged hTERT or Flag-tagged hTERT K626A expression construct and the untagged Sp1 construct (pcDNA-Sp1). Transfected cells were lysed and immunoprecipitated with anti-IgG or anti-FLAG antibody and protein A/G beads, then the immunoprecipitates and the whole cell extracts (WCE) were analyzed by immunoblotting using anti-hTERT or anti-Sp1 antibody. (**B**) 293T cells were co-transfected with the Flag-tagged Sp1 expression construct and the untagged hTERT construct (pcDNA-hTERT). Transfected cells were lysed for immunoprecipitation and immunoblotting assay as described in (A). (**C**) Purified GST and GST-Sp1 were detected by Coomassie blue staining (upper panel). His-hTERT was incubated with GST or GST-Sp1. Bound proteins were detected by immunoblotting with anti-His antibodies (lower panel). (**D**) Sp1 interacts with the N-terminus of hTERT. Flag-tagged full-length hTERT or 6 truncation mutant constructs were transiently transfected into 293T cells. Flag-tagged full-length and mutant hTERT were immunoprecipitated with anti-Flag resin and then immunoblotted with Flag and Sp1 antibodies. (**E**) hTERT interacts with the C-terminus of Sp1. Flag-tagged full-length Sp1 or 3 truncation mutant constructs were transiently transfected into 293T cells. Flag-tagged full-length and mutant Sp1 were immunoprecipitated with anti-Flag resin and then immunoblotted with Flag and hTERT antibodies. \*, non-specific band.](gkw549fig3){#F3}

To further confirm the interaction between hTERT and Sp1, *in vitro* pull-down assays were performed by incubating equal amounts of *E. coli*-purified GST or GST-Sp1 fusion proteins immobilized onto glutathione-sepharose beads with His-hTERT that was partially purified from 293T cells (Figure [3C](#F3){ref-type="fig"}). Bound proteins were detected by immunoblotting with anti-His antibodies. As shown in Figure [3C](#F3){ref-type="fig"} (lower panel), GST-Sp1, but not GST, interacts with His-hTERT, suggesting that hTERT can directly interact with Sp1.

To identify the domains within hTERT and Sp1 required for their interaction, we mapped the regions by IP with different truncated forms of both proteins and found that the N-terminus of hTERT (amino acids 1--261) interacted with the C-terminus (amino acids 615--785) of Sp1, which contains three zinc finger motifs (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). Interestingly, using the available crystal structure of the TEN domain of TERT from *T. thermophila* (PDB ID 2B2A) ([@B35]), we were able to perform molecular docking with the modeled Sp1-dsDNA structure to predict the interaction between TEN and Sp1 (Arg615-Phe785), which includes the Sp1 DNA-binding sequence (Supplementary Data S2A and B). The docking model shows that one of the zinc finger motifs of Sp1 and the end of the dsDNA fit cleanly into the cleft formed between the positively charged C-terminus (Val172-Asn191) and the flanking fragment (Met78-Tyr121) of the TEN domain, which is composed of one α helix and two short anti-parallel β strands (Supplementary Figure S2B and C). Overall, this model supports our experimental evidence that hTERT interacts with Sp1 on the *VEGF* promoter to activate VEGF expression. To functionally test whether the interaction of hTERT with Sp1 is required for the hTERT-induced up-regulation of VEGF, full-length hTERT or four truncated mutant constructs were transiently transfected into HeLa cells. *VEGF* mRNA levels were quantified by qPCR, and VEGF protein levels in the cell-free supernatants were evaluated by ELISA. The results showed that full-length hTERT, as well as two truncated mutant constructs containing the N-terminus of hTERT (N1 and N2), but not the C-terminus of hTERT that does not interact with Sp1 (C1 and C2), can up-regulate *VEGF* mRNA levels (Supplementary Figure S3A) and VEGF protein levels in the culture medium (Supplementary Figure S3B). These results indicate that hTERT transactivates expression through its interaction with Sp1.

hTERT promotes vascular tube formation of HUVECs {#SEC3-4}
------------------------------------------------

Angiogenesis, the growth of new blood vessels from pre-existing vessels, is a vital process in development, wound healing, inflammation and tumorigenesis ([@B24],[@B26],[@B28],[@B36]). VEGF is the most potent endothelial mitogen and a critical component of tumor growth, angiogenesis and metastasis ([@B24]--[@B28]). To evaluate the potential role of TERT in angiogenesis, we investigated the effect of TERT on vascular endothelial tube formation *in vitro*. HUVECs were transduced with the indicated lentivirus (GFP, hTERT or hTERT K626A), which resulted in modest levels of hTERT expression and increased levels of *VEGF* mRNA (Supplementary Data S4A and B). These cells were then plated on Matrigel®, and capillary/tube-like structure formation was examined. We found that both hTERT and the catalytically inactive mutant hTERT K626A significantly promoted vascular tube formation compared with control cells (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Depletion of hTERT by hTERT siRNAs reduced *VEGF* mRNA expression in HUVEC-hTERT cells (Supplementary Data S4C and D) and significantly impaired vascular tube formation compared with control cells (Figure [4C](#F4){ref-type="fig"}). Furthermore, treatment with MTA, which blocks Sp1 activity, but not the NF-κB inhibitor PDTC inhibited vascular tube formation in hTERT-expressing HUVECs, suggesting that hTERT increased vascular tube formation in HUVECs through Sp1 activity but not through NF-κB signaling (Figure [4D](#F4){ref-type="fig"} and [E](#F4){ref-type="fig"}). In addition, the effects of hTERT on 23 known angiogenesis-related genes were examined by qPCR analysis and revealed that only *VEGF* expression was significantly up-regulated by hTERT (Supplementary Data S5), suggesting that the up-regulation of VEGF expression critically contributes to the effect of hTERT on vascular tube formation. Endothelial cell migration is a key step in angiogenesis ([@B26]). We then determined whether hTERT affects endothelial cell migration. Our data showed that the ectopic expression of hTERT or catalytically inactive mutant hTERT K626A significantly increased HUVEC migration in a wound-healing assay (Supplementary Data S6A and B). Similar results were obtained from a transwell assay (data not shown). Taken together, these data suggest that hTERT up-regulates VEGF expression and promotes vascular tube formation and migration by HUVECs through Sp1 activity, which may contribute to angiogenesis *in vivo*.

![hTERT positively regulates vascular tube formation by HUVECs and is dependent on Sp1 activity. (**A** and **B**) HUVECs were transduced with the indicated lentivirus. Tubular structures were photographed, and tube length was calculated using ImageJ software. (C) HUVEC-hTERT stable cells were transfected with hTERT siRNAs (siTERT) or control siRNAs (siNC), and tubular structures were photographed and quantitatively analyzed as in A. (**D** and **E**) HUVECs transduced with the indicated lentiviruses were treated with MTA (100 nM) or PDTC (100 μM). Tubular structures were photographed (D) and analyzed as in A (E). The data are presented as the mean ± S.D. (Student\'s *t*-test). \**P* \< 0.05; \*\**P* \< 0.01. (n = 3). n.s., no significance.](gkw549fig4){#F4}

TERT deficiency compromises tumorigenesis and tumor vascular development {#SEC3-5}
------------------------------------------------------------------------

To test whether TERT deficiency may affect ectopic tumor growth in tumor xenograft assays, we utilized the Lewis lung carcinoma (LLC) tumor development model ([@B32]) in first-generation (G1) *Tert* wild-type and *Tert* knockout mice, which have no detectable telomere dysfunction phenotype ([@B37]), to avoid effects associated with telomere shortening.

The 8-week-old *Tert* wild-type G1 and *Tert* knockout G1 mice (Supplementary Data S7A and B) received subcutaneous implantations of Lewis lung carcinoma cells in the flank. Tumor formation was observed and tumor weight was measured in these groups. As predicted, tumor size was considerably reduced in *Tert* knockout mice compared with *Tert* wild-type mice (Figure [5A](#F5){ref-type="fig"}). The average tumor weight of LLC tumors in *Tert* knockout mice was significantly lower than that in *Tert* wild-type mice (Figure [5B](#F5){ref-type="fig"}). Thus, TERT deficiency compromises tumor progression through telomere-independent mechanisms. In addition, immunohistochemical analysis of the expression of Ki67, a marker for tumor cell proliferation, revealed that the expression of Ki67 in LLC tumors from *Tert* wild-type mice was higher than that from *Tert* knockout mice. Significantly, immunohistochemical analysis indicated that the levels of VEGF and CD31 expression were significantly reduced in LLC tumors derived from *Tert* knockout G1 mice compared with those from the wild-type mice (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). These results revealed that TERT deficiency compromises tumorigenesis and tumor vascular development. To test our findings in a clinical context, we analyzed the expression profiles of *hTERT, VEGF* and *CD31* in 23 gastric tumor samples by qPCR. Consistent with previous studies in brain tumors, our results showed that *hTERT* expression levels were closely correlated with those of *VEGF* and *CD31* in human gastric tumor samples (Figure [6](#F6){ref-type="fig"}). These observations suggest that the up-regulation of hTERT in tumor cells critically contributes to tumorigenesis not only through telomere maintenance, which feeds the unlimited proliferation potential of neoplastic cells, but also via enhanced tumor angiogenesis through the regulation of VEGF expression.

![TERT deficiency inhibits tumor growth and vascular development. (**A**) *Tert*^+/+^ and *Tert*^−/−^ mice were implanted with 1 × 10^6^ Lewis lung carcinoma cells at the flank, and the tumors were excised at day 21. (**B**) The scatter plot summarizes the weight of the tumors. (n = 8, \*\**P \<* 0.01). (**C**) LLC tumor sections were stained for VEGF, CD31 and Ki67. Scale bars, 50 μm. (**D**) Quantification of blood vessels in LLC tumors. The scatter plot summarizes the microvessel density (MVD), which was determined by immunohistochemical staining for CD31. (n = 8, \*\**P* \< 0.01). The data are presented as the mean ± S.D. (Student\'s *t*-test).](gkw549fig5){#F5}

![*hTERT* expression correlates with *VEGF* and *CD31* in gastric tumors. (**A** and **B**) qRT-PCR analysis of (A) *VEGF*, (B) *CD31* and *hTERT* expression in 23 human gastric mucosa tissues. (**C**) Regression analysis of the correlation between *VEGF* and *hTERT* expression. (**D**) Regression analysis of the correlation between *CD31* and *hTERT* expression. Each point represents one cancer sample.](gkw549fig6){#F6}

DISCUSSION {#SEC4}
==========

Our studies support telomere-independent mechanisms of telomerase in cancer. We demonstrated that hTERT activates VEGF expression through its interaction with the transcription factor Sp1. Sp1 plays an essential role in the regulation of VEGF through the Sp1-binding sites near the transcriptional start site of the VEGF gene ([@B38]). Using the crystal structure of the TEN domain of TERT from *T. thermophila* ([@B35]), we were able to obtain a simulated complex with a modeled Sp1-dsDNA structure to predict the interaction between TEN and Sp1 (Arg615-Phe785), which includes the Sp1 DNA-binding sequence. The structural analysis supports our biological experimental results that hTERT interacts with Sp1 on the *VEGF* promoter to activate VEGF expression.

VEGF is the most potent endothelial mitogen and a critical component of angiogenesis. Functionally, we showed that hTERT promotes angiogenesis independently of its telomerase activity in the vascular tube formation assay. In addition, we found that hTERT promotes endothelial cell migration in a wound-healing assay. Consistently, we found that *Tert* knockout G1 mice, which have no telomere dysfunction phenotype, exhibited compromised LLC tumor growth in a tumor xenograft assay. This result suggests that the angiogenesis effects of TERT observed *in vitro* are not due to overexpression artifacts. Additionally, we found that the endogenous levels of hTERT expression were associated with those of VEGF and CD31 in human gastric tumors. Together, these results support a role for TERT in angiogenesis and tumor progression.

We showed that hTERT promotes VEGF expression in both cancer and normal cell lines. However, most human somatic cells have undetectable telomerase activity and telomerase is either up-regulated or reactivated during tumorigenesis in over 90% of human primary tumors. In addition, angiogenesis is an important factor in the progression of cancer. Therefore, inhibition of hTERT expression or activity would target both telomerase and VEGF, which would be effective against both neoplastic cell proliferation through telomere attrition and tumor angiogenesis by inhibiting VEGF.

A small number of other studies have reported that telomerase has a regulatory function in the expression of genes involved in diverse cellular processes ([@B11],[@B12]). We and others have recently reported that hTERT regulates *MMP*-family genes, as well as *IL-6* and *TNF-α*, by directly targeting NF-κB-dependent transcription ([@B30],[@B34]), and we showed here that hTERT transactivated VEGF expression. Together, these findings lead us to propose that alterations in the expression profile of cancer-related genes, such as *VEGF, MMPs* and select NF-κB-target genes, associated with telomerase activation may also influence the tumor microenvironment to favor the invasive growth and metastasis of cancer cells.

The transcription factor Sp1 is ubiquitously expressed and binds to GC-boxes of target gene promoters. Sp1 is regulated by post-translational modifications as well as by protein--protein interactions. Our results showed that hTERT increases VEGF expression through interacting with Sp1. Interestingly, among 23 known angiogenesis-related genes including several Sp1-regulated genes ([@B39]), such as c-Myc, c-Jun, CyclinD1, PDGF, PDGFR, EGFR, only VEGF was affected by hTERT. Similarly, it has been reported that hTERT selectively regulates a subset of NF-κB target genes through its interaction with the NF-κB p65 ([@B34]). It is therefore possible that hTERT recruits different proteins (Sp1, p65, Brg1 or β-catenin) ([@B34],[@B40]) and forms different protein complexes to regulate specific gene expression dependent on the target gene promoters and the cellular context. Future extended investigation is required to uncover the detailed mechanisms by which hTERT participates in gene expression regulation.

In summary, the present study revealed that hTERT plays a telomere maintenance-independent role in angiogenesis and tumor progression by up-regulating VEGF expression through interactions with the Sp1 transcription factor. Our results provide mechanistic evidence for a physiological, telomere-independent role of hTERT in tumor angiogenesis and progression and provide important insights into specific strategies for the therapeutic manipulation of telomerase in human cancer.
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